Drug-induced liver injury is an important issue for drug development and clinical drug therapy; however, in most cases, it is difficult to predict or prevent these reactions due to a lack of suitable animal models and the unknown mechanisms of action. Phenytoin (DPH) is an anticonvulsant drug that is widely used for the treatment of epilepsy. Some patients who are administered DPH will suffer symptoms of drug-induced liver injury characterized by hepatic necrosis. DPH-induced liver injury occurs in 1 in 1000 or 1 in 10 000 patients. Clinically, 75% of patients who develop liver injury develop a fever and 63% develop a rash. In this study, we established a mouse model for DPH-induced liver injury and analyzed the mechanisms for hepatotoxicity in the presence of immune-related or inflammation-related factors and metabolic activation. Female C57BL/6 mice were administered DPH for 5 days in combination with l-buthionine-S,R-sulfoximine. Then, the plasma alanine aminotransferase (ALT) levels were increased, hepatic lesions were observed during the histological evaluations, the hepatic glutathione levels were significantly reduced, and the oxidative stress marker levels were significantly increased. The inhibition of cytochrome P450-dependent oxidative metabolism significantly suppressed the elevated plasma ALT levels and depleted hepatic glutathione. Among the innate immune factors, the hepatic mRNA levels of NACHT, LRR, pyrin domain-containing protein 3, interleukin-1β, and damage-associated molecular patterns were significantly increased. Prostaglandin E 1 treatment ameliorated the hepatic injury caused by DPH. In conclusion, cytochrome P450-dependent metabolic activation followed by the stimulation of the innate immune responses is involved in DPHinduced liver injury.
Drug-induced liver injury is a serious issue for new drug candidates and for products currently on the market. Phenytoin (5,5-diphenylhydantoin, DPH) is an anticonvulsant drug that is widely used for the treatment of epilepsy. A fraction of patients administered DPH will suffer symptoms of drug hypersensitivity, typically characterized by a rash, lymphadenopathy, fever, and if the drug continues to be used, drug-induced liver injury (Dhar et al., 1974; Haruda, 1979; Taylor et al., 1984) . Hepatic necrosis with a prominent inflammatory response occurs 1-8 weeks after exposure in between 1 in 1000 and 1 in 10 000 patients who receive DPH (Mullick and Ishak, 1980) . Therefore, DPH-induced liver injury is generally recognized as idiosyncratic.
Generally, reactive metabolite formation followed by covalent binding may be associated with idiosyncratic toxicity via immune mechanisms (Spielberg et al., 1981) . The major metabolic pathway of DPH has been well documented. DPH is hydroxylated by cytochrome P450 (CYP) enzymes to form its phenol metabolite, 5-(p-hydroxyphenyl-),5-phenylhydantoin (HPPH). HPPH can be further oxidized to form the DPH catechol (Munns et al., 1997) . A number of in vitro studies show that the DPH catechol can form protein adducts in the liver microsomes of humans and mice and that DPH catechol formation is catalyzed primarily by CYP2C19 and CYP2C9 in humans (Cuttle et al., 2000) and CYP2C11 in rats (Yamazaki et al., 2001) . Covalent bond formation is suppressed when low molecular weight thiols such as glutathione (GSH) and cysteine are present in mice microsomes (Roy and Snodgrass, 1990) . Considering these in vitro reports, we suspect that the CYPproduced reactive metabolite of DPH covalently binding to hepatic proteins may be responsible for DPH-induced idiosyncratic toxicity. However, there are currently no in vivo studies on hepatic GSH content or P450 oxidization metabolism in DPH-induced liver injury due to a lack of an appropriate animal model.
Studies have shown that DPH may generate reactive oxygen species (ROS). For example, antioxidants such as superoxide dismutase (SOD), catalase, and GSH confer protection against DPH embryopathy in vitro (Winn and Wells, 1995) and in vivo (Winn and Wells, 1999) . Recently, ROS have been proposed to toxicological sciences 136(1), 250-263 2013 doi:10.1093/toxsci/kft184 Advance Access publication August 28, 2013 play an important role in the activation of the NACHT-, LRR-, and pyrin domain-containing protein 3 (NALP3) inflammasome (Bryant and fitzgerald, 2009; Martinon et al., 2009) . The NALP3 inflammasome generates mature interleukin (IL)-1β via proteolytic pathways, and mature IL-1β engages IL-1R-harboring cells and promotes inflammatory responses (Latz, 2010; Schroder and Tschopp, 2010) .
The most frequent mechanism of drug-induced liver injury is the CYP-dependent formation of reactive metabolites that cause cell death or immune reactions that amplify tissue trauma. Necrotic cell death triggers a release of damage-associated molecular patterns (DAMPs), such as the S100 protein and high-mobility group box 1 (HMGB1), which activate innate immune cells (Bianchi, 2007; Scaffidi et al., 2002) . The activation of innate immune cells by DAMPs occurs through toll-like receptors (TLRs; Schwabe et al., 2006) . Cytokines and chemokines, followed by inflammation or the infiltration of lymphocytes to hepatocytes, are involved in immune-mediated hepatotoxicity and are predominantly secreted by immune cells such as T lymphocytes and macrophages (Kita et al., 2001; Oo and Adams, 2010) . Cytokine production is induced by the following transcriptional factors: T-box expressed in T cells (T-bet) induces the secretion of interferon-γ and IL-12; GATA-binding domain-3 (GATA-3) induces IL-4, IL-5, and IL-13 production; and retinoid-related orphan receptor (ROR)-γt is indispensable for the differentiation of Th17 cells, which secrete primarily IL-17 (Kidd, 2003; Langrish et al., 2005; Steinman, 2007) .
A number of groups including our own have also recently applied a GSH-depleted animal model to both the evaluation of hepatotoxic potential and the analysis of hepatotoxicity in several drugs that produce reactive metabolites, such as acetaminophen (Watanabe et al., 2003) , ticlopidine (Shimizu et al., 2011) , and methimazole (Kobayashi et al., 2012) . In an animal system depleted of GSH by a well-known GSH synthesis inhibitor, l-buthionine-S,R-sulfoximine (BSO), the tissue GSH levels were significantly reduced without any overt toxicity (Watanabe et al., 2003) or any effects on the hepatic microsomal and cytosolic enzymes responsible for drug metabolism (Drew and Miners, 1984; Watanabe et al., 2003) .
In this study, we successfully established a DPH-induced liver injury mouse model using wild-type mice treated with DPH and BSO for 5 days. Our data suggest that DPH metabolism by CYPs and the hepatic GSH content are both involved in DPH-induced liver injury. Furthermore, the inflammation and immune factors believed to be involved in DPH-induced liver injury were investigated.
MATERIALS AND METHoDS
Chemicals. DPH, BSO, and mephenytoin were purchased from Wako Pure Chemical Industries (Osaka, Japan); 1-aminobenzotriazole (ABT) was purchased from the Tokyo Chemical Industry (Tokyo, Japan). Eritoran was kindly provided by the Eisai Co. (Tokyo, Japan). Prostaglandin E 1 (PGE 1 ) was purchased from Nippon Chemiphar (Tokyo, Japan). The Fuji DRI-CHEM slides for GPT/ALT-PIII, GOT/AST-PIII, and TBIL-PIII used to measure alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin (T-Bil), respectively, were from Fujifilm (Tokyo, Japan). RNAiso was obtained from Nippon Gene (Tokyo, Japan), ReverTraAce was obtained from Toyobo (Tokyo, Japan), and random hexamers and SYBR Premix EX Taq were from Takara (Osaka, Japan). All primers were commercially synthesized at Hokkaido System Sciences (Sapporo, Japan). The monoclonal anti-mouse IL-17 antibody and the monoclonal rat IgG2a isotype used as a control were obtained from R&D Systems (Abingdon, UK). The rabbit polyclonal antibody against myeloperoxidase (MPO) was obtained from DAKO (Carpinteria, CA). The Ready-SET-GO! Mouse IL-17 ELISA Kit and the Mouse IL-1β ELISA Kit were purchased from eBioscience (San Diego, CA). The chicken anti-HMGB1 polyclonal antibody, chicken polyclonal IgY isotype, and HMGB1 ELISA Kit II were obtained from the Sino-Test Corporation (Tokyo, Japan). The other chemicals used were of analytical or the highest commercially available grade.
DPH and BSO treatments. Female C57BL/6JmsSLC mice (8 weeks old, 16-21 g) were obtained from SLC Japan (Hamamatsu, Japan). The mice were housed in a controlled environment at 23°C ± 1°C and 50% ± 10% humidity and with a 12-h light/12-h dark cycle in the institution's animal facility with ad libitum access to food and water. The animals were acclimatized before being used in the experiments. In this study, female C57BL/6J mice were used because female mice showed higher sensitivity to DPH-induced liver injury than male mice (data not shown). Repeated administration of DPH orally at a dose of 100 mg/kg for 6 days caused high mortality (60% of mice were dead on days 1 through 6). We speculated that this high mortality was caused by the pharmacological effects of DPH. DPH is known to induce CYPs (Cyps) in humans (Chaudhry et al., 2010; Fleishaker et al., 1995) and mice (Hagemeyer et al., 2010) . Thus, repeated administration of DPH increased DPH metabolism, contributing to the reduction of its pharmacological effects. However, the administration of DPH at a dose of 100 mg/kg for 6 days caused high mortality on days 1 and 2 due to its pharmacological effects. This phenomenon is partially explained by the fact that on days 1 and 2, induction of hepatic Cyps by DPH did not occur or was insufficient. Thus, we thought that the dose amount of DPH on days 1 and 2 should be under 100 mg/kg to reduce mortality. Therefore, we employed a dosing regimen as follows. First, 50 mg/kg of DPH was IP injected for the first 2 days. In this step, we expected to induce the hepatic Cyps by DPH. On days 3 through 5, 100 mg/kg of DPH was orally administered. In this step, we expected that the expression of hepatic Cyps had been induced by 50 mg/kg of DPH during the first 2 days of IP administration. In this dosing regimen, the mortality rate was 10%-20% on days 1 through 5. Thus, the dosage of DPH was increased to 100 mg/kg on days 3 through 5. BSO is generally administered IP. To avoid unexpected adverse interactions between DHP and BSO, we changed the dosing route of DPH on days 3 through 5. Finally, in this study, the mice were IP administered DPH in corn oil at a dose of 50 mg/kg for 2 days followed by oral administration of 100 mg/kg on days 3 through 5. BSO in saline was IP injected at a dose of 700 mg/kg 1 h prior to each DPH administration as reported by Shimizu et al. (2011) . As a control, mice were injected with corn oil or saline, which were used as the vehicles for DPH and BSO, respectively. To determine the timedependent changes in the plasma ALT levels, the mice were anesthetized with ether, and then blood was collected at 0 and 6 h after DPH administration on days 1 through 4 and 0, 3, 6, 24, and 48 h after the final DPH administration. Each group included 4-6 mice. At 72 h after the final DPH administration (final time point for blood collection), the blood samples were collected from the inferior vena cava for biochemical analyses. For measurement of the hepatic mRNA expression of immune-and inflammation-related factors, hepatic GSH content, protein carbonyl content, and histopathological analysis, individual mice were investigated at 24 h before (−24) and at 0, 1.5, 3, 6, 12, or 24 h after the final DPH administration. The blood samples were collected from the inferior vena cava for measurement of plasma cytokine levels. A portion of the hepatic left lobe was excised and fixed in 10% neutral buffered formalin for the histopathological examinations. The remaining liver was frozen in liquid nitrogen and stored at −80°C until use for the measurement of mRNA expression levels, protein carbonyl content, and GSH content. Each treatment group included 3-5 mice in each time point. As a negative control, we chose mephenytoin as a structural homologue of DPH and with similar pharmacological effects to DPH. In addition, mephenytoin-induced liver injury has a low incidence compared with DPH (Zimmerman, 1999) . The mice were administered mephenytoin in corn oil using the same dosing regimen as that used for DPH and BSO. To investigate the importance of the repeated administration for developing DPH-induced liver injury, we conducted a single-administration study. To investigate whether liver injury does not occur, the mice were either IP given 50 mg/kg or 100 mg/kg DPH, or they were orally given 100 or 200 mg/ kg DPH and euthanized 24 h after drug administration. BSO (700 mg/kg) was IP injected 1 h prior to DPH treatment. A portion of each excised liver was fixed in a 10% formalin neutral buffer solution and used for immunohistochemistry. The degree of liver injury was assessed by hematoxylin and eosin staining and MPO staining. The plasma ALT, AST, and T-Bil levels were measured using DRI-CHEM (Fujifilm). The animals were treated and maintained in accordance with the National Institutes of Health Guide for Animal Welfare of Japan, and the animal protocols were approved by the Institutional Animal Care and Use Committee of Kanazawa University, Japan.
Treatment with ABT.
One hour prior to the final DPH treatment, the mice were IP injected with ABT (100 mg/kg in saline) according to the previous studies (Shimizu et al., 2009 (Shimizu et al., , 2011 . The vehicle was used as a control.
GSH assay. The mouse livers were homogenized in ice-cold 5% sulfosalicylic acid and centrifuged at 8000 × g for 10 min. The supernatant total GSH and glutathione disulfide (GSSG) concentration was measured as previously described (Tietze, 1969) . The GSH levels were calculated from the difference between the total GSH and the GSSG concentration.
Protein carbonyl content. Increased protein carbonyls are a stable indicator of oxidative stress. The protein carbonyl content of the liver homogenate was measured using a Protein Carbonyl ELISA kit (Enzo LifeScience, New York). The assay was performed according to the manufacturer's instructions.
Real-time reverse transcription (RT)-PCR.
RNA from mouse liver was isolated using RNAiso (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. The mRNA levels of S100A8, S100A9, TLR2, TLR4, TLR9, receptor for advanced glycation end products (RAGE), NALP3, IL-1β, IL-23 p19, IL-6, GATA-3, RORγt, forkhead box P3 (Foxp3), Fas, FasL, T-bet, macrophage inflammatory protein-2 (MIP-2), and monocyte chemoattractant protein-1 (MCP-1) were quantified using real-time RT-PCR. For the RT step, total RNA (10 μg) and 150 ng of random hexamers were mixed and incubated at 70°C for 10 min. The RNA solution was added to a reaction mixture containing 100 units of ReverTra Ace, reaction buffer, and 0.5mM deoxyribonucleotide triphosphates at a final volume of 40 μl. The resulting reaction mixture was incubated at 30°C for 10 min, 42°C for 1 h, and heated to 98°C for 10 min to inactivate the enzyme. Real-time RT-PCR was performed using the MX3000P instrument (Stratagene, La Jolla, California). The PCR mixture contained 1 μl of template cDNA, SYBR Premix Ex Taq solution, and 8 pmol each of forward and reverse primers. The amplified products were monitored directly by measuring the increase of the SYBR Green I (Molecular Probes, Eugene, Oregon) dye intensity. The primer sequences are shown in Table 1 .
Measurement of plasma HMGB1, IL-17, and IL-1β levels. The plasma levels of HMGB1, IL-17, and IL-1β were measured by ELISA using the HMGB1 ELISA Kit II, a Ready-SET-GO! Mouse IL-17, and a Ready-SET-GO! Mouse IL-1β Kit, respectively, according to the manufacturers' instructions.
Administration of a TLR4 antagonist. The mice were IV treated with eritoran, a TLR4 antagonist (50 μg/mouse in 0.2 ml sterile saline), simultaneously with the final DPH treatment as previously described . The vehicle was used as a control.
Administration of an anti-mouse IL-17 antibody or an anti-mouse HMGB1 antibody. In the IL-17 neutralization study, as described in our previous report , the mice were IV treated with an anti-mouse IL-17 antibody (100 μg anti-mouse IL-17 antibody in 0.2 ml sterile PBS) 3 h after the final DPH treatment. As a control, rat IgG2a was used (100 μg rat IgG2a in 0.2 ml sterile PBS). In the HMGB1 neutralization study, the mice were IV treated with an anti-mouse HMGB1 antibody (200 μg anti-mouse HMGB1 antibody in 0.2 ml sterile PBS) simultaneously with the final DPH treatment. As a control, a chicken IgY isotype was used (200 μg chicken IgY in 0.2 ml sterile PBS).
Quantification of hepatic MPO-positive cells.
The infiltration of neutrophils was assessed by immunostaining for MPO. A rabbit polyclonal antibody against MPO was used for the immunohistochemical staining of liver as previously described . Three visual fields of ×400 magnification (0.1 mm 2 each) were randomly selected from each MPO-immunostained section. The total number of MPO-positive mononuclear cells from the 3 randomly selected visual fields was compared among the specimens.
Treatment with PGE1. Three hours after the final DPH treatment, the mice were IP given PGE 1 (at 50 μg/mouse in 0.5 ml sterile saline) as previously described Kobayashi et al., 2009) . The vehicle was used as a control.
Statistical analysis. The data are shown as the mean ± SEM. Statistical analyses of multiple groups were performed using a one-way ANOVA with the Dunnett's post hoc test to determine the significance of the differences between individual groups. Comparisons between 2 groups were carried out using a 2-tailed Student's t test. A value of p < .05 was considered statistically significant.
RESuLTS

Development of a DPH-Induced Liver Injury in C57BL/6 Mice
DPH is widely used as an anticonvulsant drug and rarely causes hepatotoxicity with or without hypersensitivity. To study the mechanism of hepatotoxicity, we developed an animal model for DPH-induced liver injury in mice. The mice were IP given DPH at a dose of 50 mg/kg for 2 days and orally administered 100 mg/kg on days 3 through 5. BSO was given on all days. With this dosing regimen, the ALT levels were significantly increased after the final DPH treatment without a high fatality rate (Fig. 1A , mortality rate was 10%-20% on days 1 through 5). These hepatotoxic effects were observed in approximately 60% of the mice, and the others showed no or mild hepatotoxicity, resulting in large SEM values. Without BSO, the plasma ALT levels were much lower than those in the BSO-treated mice. No significant elevation of ALT levels was observed in mice treated with vehicle or BSO alone (Fig. 1A) .
In a single-administration study, the female C57BL/6 mice were orally given DPH at a dose of 100 or 200 mg/kg in combination with BSO. The plasma ALT level was not affected by DPH treatment (Fig. 1B) . Next, the mice were IP given DPH at a dose of 50 or 100 mg/kg in combination with BSO, resulting in no hepatotoxicity caused by DPH (Fig. 1B) .
Mephenytoin, used as a negative control, did not induce hepatotoxicity under the same dosing regimen as DPH, even when combined with BSO, suggesting that the hepatotoxicity of DPH is independent of its pharmacological effects (Fig. 1C) .
In the histopathological experiments, apoptosis and hepatocyte ballooning were observed at 24 h after the final DPH and BSO treatment (Fig. 1D ). In addition, immunohistochemistry with an anti-MPO antibody demonstrated that a number of MPO-positive cells had infiltrated in DPH-and BSO-treated mice (Fig. 1D) . The number of MPO-positive cells was significantly increased in mice given DPH or DPH plus BSO compared with vehicle-treated mice (Fig. 1E) . However, liver section of DPH-alone-treated (without BSO) mice were often observed to have mild fat droplets but no apoptotic or ballooning cells, suggesting that the hepatic lesion mainly occurred in mice given both DPH and BSO. No histopathological difference was observed between the vehicle-and BSO-treated mice. Taken together, these results indicate that a DPH-induced liver injury mouse model was established.
Changes in Hepatic GSH and Oxidative Stress Marker Levels
The depletion of hepatic GSH by BSO was expected to exacerbate DPH-induced hepatotoxicity. Therefore, we investigated whether GSH is involved in the detoxification of DPH-induced liver injury. GSH levels were significantly decreased at all time points in mice given both DPH and BSO ( Fig. 2A) . In mice given only DPH, the GSH levels were significantly lower at 1.5, 3, 6, and 24 h after the final DPH treatment. These results suggest that DPH has the ability to deplete hepatic GSH, leading to the development of DPH-induced hepatotoxicity.
We measured hepatic GSSG, a biomarker of oxidative stress. Changes in hepatic GSSG levels showed a similar profile to that of GSH ( Fig. 2A) . The total glutathione (GSH+GSSG) levels were significantly lowered in mice treated with DPH alone and DPH and BSO together. The GSH/GSSG ratio, a biomarker of oxidative stress, was significantly lowered 1.5 h after the final DPH treatment in mice given both DPH and BSO. The hepatic protein carbonyl levels, a marker of oxidative stress, were significantly increased 6 h after the final DPH treatment in mice given both DPH and BSO but not in mice given only DPH or vehicle (Fig. 2B) . These results suggest that oxidative stress is involved in DPH-induced liver injury and that GSH may have a protective role in DPH-induced liver injury.
Effect of the P450 Inhibitor
To investigate whether P450-mediated metabolism is involved in DPH-induced liver injury, mice were IP given ABT (100 mg/kg), a nonspecific inhibitor of P450, 1 h prior to the final DPH administration. In the ABT-treated mice, the elevated plasma ALT and AST levels were significantly suppressed (Fig. 3A) . Treatment with ABT alone or ABT and BSO together (data not shown) did not result in any changes in the ALT or AST levels compared with the vehicle-treated mice.
To confirm the involvement of reactive intermediates in the DPH-induced liver injury, we measured the effects of ABT on the hepatic GSH and GSSG levels. The hepatic GSH depletion caused by DPH was significantly restored by ABT 24 h after the final DPH treatment (Fig. 3B) . ABT alone did not change the GSH levels, suggesting that ABT itself does not affect the hepatic GSH levels at this dosing regimen. The hepatic total glutathione (GSH + GSSG) levels had a similar profile to that of GSH, suggesting that GSH may be consumed by P450-mediated reactive metabolites (Fig. 3B) . These results suggest that P450-mediated metabolism is involved in DPH-induced liver injury.
Changes in the Expression Levels of DAMP-Related Factors
To investigate whether DAMPs and their receptors are involved in the onset of liver injury, time-dependent changes in the hepatic mRNA expression levels of TLR9, TLR4, TLR2, S100A9, S100A8, and RAGE were measured (Fig. 4A) . The mRNA expression level of TLR2 was extremely variable in the treated mice, but it was significantly increased at some time points in response to either DPH or DPH plus BSO. The expression level of S100A8 mRNA was significantly increased 
FIg. 1.
Time-dependent changes in plasma ALT and AST levels in DPH-induced liver injury. A, Female C57BL/6 mice were IP given DPH at 50 mg/kg for 2 days followed by oral administration of 100 mg/kg DPH on days 3 through 5. BSO (700 mg/kg) was IP injected 1 h prior to each DPH administration. Each vehicle was used as a control. At 0 and 6 h after DPH administration on days 1-4 and at 0, 3, 6, 24, 48, and 72 h after the final DPH treatment, blood was collected to measure the plasma ALT levels. The days 6, 7, and 8 correspond to 24, 48, and 72 h after the final DPH treatment. In the second panel, the plasma ALT, AST, and T-Bil levels were measured 24 h after the final DPH treatment. The values represent the mean ± SEM of 4-6 animals. B, In a single-administration experiment, the mice were given an oral dose of DPH at 200 or 100 mg/kg and an IP injection of 100 or 50 mg/kg. BSO (700 mg/kg) was IP injected 1 h prior to the DPH treatment, and blood was collected 24 h after DPH administration. The values represent the mean ± SEM of 4 animals. C, As the negative control, the mice were given mephenytoin and BSO with the same dosing regimen as in (A). At 24 h before (−24) and 0, 6, and 24 h after the final mephenytoin treatment, blood was collected to measure the plasma ALT levels. Values represent the mean ± SEM of 4 animals. D, Liver tissue sections from 24 h after the final DPH treatment were stained with hematoxylin and eosin. Neutrophil infiltration was assessed by immunostaining for MPO. The arrows indicate apoptosis or MPO-positive cells. E, The number of MPO-positive cells in mice treated with DPH and BSO, DPH alone, or vehicle. Values represent the mean ± SEM of 4-5 specimens. The differences relative to the control mice (MPO-stained) or BSO-treated mice (ALT, AST, and T-Bil) were considered significant at *p < .05, **p < .01, and ***p < .001. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSO, l-buthionine-S,R-sulfoximine; DPH, 5,5-diphenylhydantoin; T-Bil, total bilirubin. 
MOUSE MODEL FOR PHENYTOIN HEPATOTOXICITY
FIg. 2.
Time-dependent changes in hepatic GSH, GSSG, and oxidative stress marker in DPH-induced liver injury. The mice were IP given DPH at 50 mg/ kg for 2 days, and afterwards on days 3 through 5, DPH was orally administered at 100 mg/kg. BSO was IP injected 1 h prior to each DPH administration. Each vehicle was used as a control. At 0, 1.5, 3, 6, 12, and 24 h after the final DPH treatment, the liver was collected to measure the hepatic GSH, GSSG, and GSH + GSSG levels, the GSH/GSSG ratio (A), and the level of hepatic protein carbonyls (B). The data are shown as the mean ± SEM of the results from 4 to 5 mice. The differences relative to the control mice were considered significant at *p < .05, **p < .01, and *** p < .001. Abbreviations: DPH, 5,5-diphenylhydantoin; GSH, glutathione; GSSG, glutathione disulfide.
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Downloaded from https://academic.oup.com/toxsci/article-abstract/136/1/250/1654723 by guest on 27 July 2018 at 1.5 h, and the expression level of S100A9 was significantly increased at 12 h after the final DPH treatment. To investigate whether HMGB1 is involved in the onset of inflammation, the plasma concentration of the HMGB1 protein was measured. HMGB1 is secreted from activated immune cells and is also released from necrotic cells. Therefore, we measured plasma HMGB1 protein levels using an ELISA and observed that they were significantly increased 3 h after the final DPH treatment in mice given both DPH and BSO (Fig. 4B) . These results suggest that DAMPs are involved in the onset of inflammation.
To investigate whether TLR4 signaling and HMGB1 are involved in DPH-induced liver injury, eritoran, a specific TLR4 antagonist, or an anti-HMGB1 antibody was used. Treatment with either eritoran or the anti-HMGB1 antibody significantly suppressed the elevation of plasma ALT levels, suggesting that HMGB1 and TLR4 signaling may be involved in DPH-induced liver injury (Figs. 4C and D) .
Changes in the Expression Levels of NALP3 Inflammasome-Related Factors
To investigate whether the NALP3 inflammasome is involved in the onset of inflammation, time-dependent changes in the hepatic mRNA expression levels of NALP3 and IL-1β were measured (Fig. 5A) . The mRNA expression levels of IL-1β and NALP3 were significantly increased 1.5 h after the final DPH treatment. We then investigated whether the plasma concentration of the IL-1β protein is related to the onset of inflammation. The plasma IL-1β protein level was significantly increased 3 h after the final DPH treatment (Fig. 5B) . These results suggest that NALP3 inflammasome activation leading to IL-1β production is involved in the onset of inflammation.
Changes in the Expression Levels of Th Cell-Related Transcription Factors, Cytokines, and Chemokines
To investigate whether inflammatory factors are involved in DPH-induced liver injury, we measured the time-dependent FIg. 3 . Effect of a P450 inhibitor on plasma ALT and AST and hepatic GSH and GSSG levels in DPH-induced liver injury. The mice were IP given DPH at 50 mg/ kg for 2 days, and then they were orally administered 100 mg/kg DPH on days 3 through 5. BSO was IP injected 1 h prior to each DPH treatment. ABT (100 mg/kg), a nonspecific inhibitor of P450, was IP given 1 h prior to the final DPH treatment. Each vehicle was used as a control. At 24 h after the final DPH treatment, the liver and plasma were collected to measure plasma ALT and AST levels (A), hepatic GSH and GSH + GSSG levels, and the GSH/GSSG ratio (B). The data are shown as the mean ± SEM of the results from 4 mice. The differences relative to the control mice were considered significant at *p < .05, **p < .01, and *** p < .001, and the differences between the ABT-treated and vehicle-treated mice were considered significant at †p < .05, † †p < .01. Abbreviations: ABT, 1-aminobenzotriazole; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DPH, 5,5-diphenylhydantoin; GSH, glutathione; GSSG, glutathione disulfide; NS, not significant.
FIg. 4.
Time-dependent changes in the hepatic mRNA expression levels of DAMP-related genes and plasma HMGB1 protein levels and the results of the neutralization studies in DPH-induced liver injury. A and B, Mice were IP given DPH at 50 mg/kg for 2 days, followed by oral administration of 100 mg/kg of DPH on days 3 through 5. BSO was IP injected 1 h prior to each DPH administration. Each vehicle was used as a control. At 24 h before (−24) and 0, 1.5, 3, 6, 12, and 24 h after the final DPH treatment, liver and plasma samples were collected to measure the expression of both the hepatic mRNAs of DAMP-related genes and the plasma HMGB1 protein. The expression levels of hepatic mRNAs were normalized to that of Gapdh. C, The effect of an anti-HMGB1 antibody. Mice were IV administered the anti-mouse HMGB1 antibody (200 μg anti-HMGB1 antibody in 0.2 ml sterile PBS) simultaneously with the final DPH treatment. Blood was collected 24 h after the final DPH treatment. D, The effect of eritoran, a TLR4 antagonist, on DPH-induced liver injury. Mice were IV given eritoran (50 μg/mouse in 0.2 ml sterile saline) simultaneously with the final DPH treatment. Blood was collected 24 h after the final DPH treatment. The data are shown as the mean ± SEM. The results of the time-dependent study are taken from 3 to 5 mice, and the other data are taken from 4 to 5 mice. The differences relative to the control mice were considered significant at *p < .05, **p < .01, compared with the −24 h mice were considered significant at § §p < .01 in ELISA, and compared with isotype IgY or vehicle-treated mice were considered significant at †p < .05 and † † †p < .001 in neutralization or antagonist studies, respectively. Abbreviations: BSO, l-buthionine-S,R-sulfoximine; DAMP, damage-associated molecular patterns; DPH, 5,5-diphenylhydantoin; HMGB1, high-mobility group box 1; mRNA, messenger RNA; RAGE, receptor for advanced glycation end products; TLR, toll-like receptor. changes in the hepatic mRNA expression levels of transcription factors for the Th lineage, cytokines, and chemokines (Fig. 6A) . The hepatic mRNA expression levels of the Th17 cell-related factors IL-23 p19, IL-6, and ROR-γt were significantly increased at some time points of measurement in mice treated with both DPH and BSO compared with the vehicletreated mice. However, the expression levels of T-bet, GATA-3, and Foxp3, corresponding to Th1-, Th2-, and regulatory T cellrelated factors, respectively, were significantly decreased in mice treated with both DPH and BSO compared with vehicletreated mice. Following the last administration of DPH in DPH plus BSO-treated mice, the expression levels of chemokines such as MCP-1 and MIP-2 showed a time-dependent increase.
The expression levels of MIP-2 were significantly increased at 6-24 h after the last DPH administration in DPH plus BSOtreated mice compared with vehicle-treated mice. However, their levels in the mice given only BSO were not significantly altered compared with those in the mice given the vehicle. These results suggest that Th17 cell-mediated inflammation is involved in DPH-induced liver injury.
We next measured the plasma concentration of the IL-17 protein using an ELISA. A significant increase in concentration was observed at 6 h after the final DPH treatment in the mice given both DPH and BSO, whereas no significant increase was observed in the mice given only DPH (Fig. 6B) . To investigate whether IL-17 was involved in DPH-induced liver injury, we FIg. 5. Time-dependent changes in the hepatic mRNA expression levels of NALP3 and IL-1β (A) and plasma IL-1β protein levels (B) in DPH-induced liver injury. The experimental conditions for DPH treatments and blood and liver collection were the same as those in Figure 4 . The data are shown as the mean ± SEM of the results from 3 to 5 mice. The differences relative to the control mice were considered significant at **p < 0.01 and *** p < 0.001, and the -24 h mice were considered significant at † †p < 0.01 in ELISA. Abbreviations: DPH, 5,5-diphenylhydantoin; IL, interleukin; NALP3, NACHT-, LRR-, and pyrin domaincontaining protein 3; mRNA, messenger RNA. FIg. 6 . Time-dependent changes in the hepatic mRNA expression levels and plasma protein levels and a neutralization study of proinflammatory cytokines and chemokines in DPH-induced liver injury. A and B, The experimental conditions for DPH treatments and blood and liver collection were the same as those in Figure 4 . C, For the neutralization study, mice were IV injected with an anti-mouse IL-17 antibody (100 μg anti-mouse IL-17 antibody in 0.2 ml of sterile PBS) 3 h after the final DPH treatment. As a control, the IgG isotype was used. At 24 h after the final DPH treatment, plasma was collected to measure its ALT and AST levels. The data are shown as the mean ± SEM. The results of the time-dependent study are taken from 3 to 5 mice, and the results from the neutralization study are taken from 4 to 5 mice. The differences relative to the control mice were considered significant at *p < .05, **p < .01, and ***p < .001; −24 h mice were considered significant §p < .05 in ELISA; and those compared with isotype IgG-treated mice were considered significant at †p < .05 in neutralization study. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; DPH, 5,5-diphenylhydantoin; IL, interleukin; mRNA, messenger RNA. 259 performed a neutralization study. A monoclonal anti-mouse IL-17 antibody was IV injected 3 h after the final DPH treatment. As a result, the plasma ALT and AST levels were significantly decreased 24 h after the final DPH treatment compared with the levels in mice given an isotype IgG control antibody (Fig. 6C) .
MOUSE MODEL FOR PHENYTOIN HEPATOTOXICITY
The Effect of Prostaglandin E 1 on Liver Injury
PGEs are known to protect against drug-induced and immune-mediated liver injury by downregulating the production of inflammatory cytokines. To investigate the therapeutic effect of PGE 1 on DPH-induced liver injury, PGE 1 conjugated with α-cyclodextrin was IP administered to mice 3 h after the final DPH treatment according to the previously reported method Kobayashi et al., 2009) . The plasma ALT and AST levels were significantly decreased in mice treated with both DPH and BSO compared with the vehicle-treated mice (Fig. 7A) . In addition, 24 h after the final DPH treatment (Fig. 7B) , PGE 1 treatment significantly decreased the hepatic MIP-2 mRNA levels, whereas the MCP-1 mRNA levels showed a tendency to decrease compared with the vehicletreated mice. The mRNA expression levels of IL-6 and IL-23 p19 were not significantly changed by PGE 1 (data not shown) because these mRNA expressions were not changed 24 h after the final DPH treatment. In the histopathological evaluation study, PGE 1 treatment significantly decreased the number of MPO-positive cells (Figs. 7C and D) . These results suggest that PGE 1 inhibits neutrophil infiltration, likely due to the suppression of Th17 cell function.
DISCuSSIoN
Development of an understanding of the mechanism of druginduced liver injury has been hampered by the lack of a suitable animal model. In this study, we first developed a model for DPH-induced liver injury in mice. In particular, we examined different conditions such as the dose of DPH, the number of doses, the dosing method, and the addition of BSO. We succeeded in developing the mouse model for DPH-induced liver injury by administering DPH at 50 mg/kg (IP, approximately one-sixth of the IP LD 50 ) DPH plus BSO for 2 days followed by a dose of 100 mg/kg (p.o., approximately one-seventh of the oral LD 50 ) plus BSO for 3 days. The mice given this treatment showed marked hepatotoxicity (Figs. 1A and D) .
DPH is metabolized into an arene oxide and a catechol metabolite in human liver microsomes, suggesting that reactive metabolites are likely implicated in hepatotoxicity (Munns et al., 1997) . There are a number of reports showing that BSO, when given together with a drug that causes liver injury in humans, will also cause drug-induced liver injury mouse and rat models (Shimizu et al., 2009 (Shimizu et al., , 2011 because GSH is the major antioxidant agent and is protective against toxicity by reactive metabolites or ROS. BSO is a specific inhibitor of γ-glutamylcysteine synthetase, a rate-limiting enzyme involved in GSH synthesis, and it can decrease GSH levels in vivo and in vitro (Watanabe et al., 2003) . In addition, BSO was shown to have no effect on the expression levels of microsomal CYPs and phase II conjugating enzymes such as glutathione-S-transferase (GST), sulfotransferase, and uridine diphosphate-glucuronosyltransferase (Drew and Miners, 1984; Griffith and Meister, 1979; Watanabe et al., 2003) . Therefore, we adapted a BSO combination method to deplete hepatic GSH. In this study, BSO was administered at a dose of 700 mg/ kg 1 h prior to DPH treatment as described in previous studies (Shimizu et al., 2009 (Shimizu et al., , 2011 . DPH treatment resulted in only a weak hepatotoxicity characterized by the elevation of plasma ALT levels, suggesting that GSH depletion likely exacerbates DPH-induced hepatotoxicity (Fig. 1A) . These results indicate that GSH depletion is one of the risk factors for DPH-induced liver injury.
It has been reported that ROS generation is involved in drug-induced hepatotoxicity as reported in nimesulide (Ong et al., 2006) . Nimesulide causes mitochondrial impairment, as reflected by the decreasing mitochondrial ATP content and cytochrome C release. Therefore, we think that direct mitochondrial impairment, which is protected against by GSH, is partly involved in DPH-induced liver injury. In the histopathological analysis, apoptotic cells were observed, which might be partly caused by mitochondrial impairment (Fig. 1D) .
P450 inhibitors suppressed the covalent binding of a DPH intermediate, and inducers of P450 enhanced the covalent bonding in hepatic microsomes taken from A/J mice (Roy and Snodgrass, 1990) . Furthermore, GSH may modulate DPH metabolism either by trapping a DPH-reactive intermediate and decreasing the protein binding or by protecting proteins from attack by electrophilic or free radical intermediates of DPH (Roy and Snodgrass, 1990) . Together, these studies and our data indicate that CYP-mediated covalent binding to hepatic proteins may be one of the mechanisms causing DPH-induced liver injury.
Administration of DPH without BSO results in a weak hepatotoxicity compared with a co-treatment with BSO, possibly due to the detoxification of reactive metabolites by GSH under normal conditions (Fig. 1A) . Indeed, the administration of DPH caused significant decreases in hepatic GSH levels ( Fig. 2A) . The decrease in hepatic GSH content was more persistent in the mice treated with DPH plus BSO than in those treated with DPH only, and it could be that sustained reduction in GSH levels is important for toxicity.
The single administration study, even in combination with BSO, resulted in no hepatotoxicity, suggesting that the repeated administration of DPH is necessary for DPH-induced liver injury (Fig. 1B) . DPH induces CYP3A4 and CYP2C9 in humans (Chaudhry et al., 2010; Fleishaker et al., 1995) and Cyp3a11 and Cyp2c29 in mice (Hagemeyer et al., 2010) , and these CYPs are involved in DPH oxidative metabolism. Therefore, the activation of DPH-inducible Cyps likely precedes Figure 4 . Mice were IP injected with PGE 1 (50 μg/mouse, dissolved in 0.5 ml sterile saline) 3 h after the final DPH treatment. Each vehicle was used as a control. At 24 h after the final DPH treatment, the plasma and liver were collected to measure the ALT and AST levels (A), the hepatic mRNA levels of MIP-2 and MCP-1 (B), and for immunohistochemistry (C and D) . The expression level of hepatic mRNA was normalized to that of Gapdh. Mononuclear cell infiltration was assessed by immunostaining for MPO. The number of MPO-positive cells in DPH and BSO-treated or DPH, BSO, and PGE 1 -treated mice is shown in (D). The arrows indicate MPO-positive cells. The data are shown as the mean ± SEM of the results from 4 to 5 mice. The differences compared with the DPH-treated, BSO-treated, and vehicle-treated mice were considered significant at *p < .05 and **p < .01. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSO, l-buthionine-S,R-sulfoximine; DPH, 5,5-diphenylhydantoin; MCP-1, monocyte chemoattractant protein-1; MIP-2, macrophage inflammatory protein-2; MPO, myeloperoxidase; mRNA, messenger RNA; PGE 1 , Prostaglandin E 1 . the onset of DPH-induced liver injury. During repeated dosing with DPH, even with BSO, no increase in ALT levels was observed on days 1-3 (Fig. 1A) . We speculate that the quantity of DPH-inducible Cyps on the fourth day is sufficient to produce the reactive metabolites required for the development of liver injury. Pretreatment with ABT, a nonspecific inhibitor of P450 that can reduce the oxidative metabolism of drugs in vivo without any overt toxicity (Shimizu et al., 2009) , on the fifth day significantly suppressed the elevation of the ALT levels and the hepatic GSH depletion by DPH plus BSO (Fig. 3A) . These data also indicate that P450-mediated metabolism is involved in DPH-induced liver injury.
Previous studies on DPH-induced liver injury in humans show severe hepatocellular injury with a prominent inflammatory response and massive necrosis (Mullick and Ishak, 1980) . In this study, hepatic apoptosis, ballooning cells, and neutrophil infiltration were observed in DPH-induced liver injury in mice (Fig. 1D) . Necrotic or apoptotic cells trigger a release of cell contents, and as a result, some of the released endogenous compounds are able to activate innate immune cells (Scaffidi et al., 2002) . HMGB1 is one of the first DAMPs identified, which is released during endogenous tissue trauma. However, a large number of other molecules, including heat shock proteins, S100A8/9, DNA, RNA, and others, can also function as DAMPs (Bianchi, 2007) . The activation of innate immune cells by DAMPs occurs through TLRs, which recognize various molecular patterns including one in HMGB1 (Schwabe et al., 2006) .
Mature IL-1β protein is produced by cleavage of precursor IL-1β by caspase-1. The release of active IL-1β engages cells containing IL-1R and promotes inflammatory responses (Bryant and Fitzgerald, 2009; Latz, 2010) . Therefore, we thought that IL-1β protein levels do not reflect the mRNA expression levels of IL-1β. Indeed, the mRNA levels of IL-1β were similar between DPH plus BSO-treated and DPH-treated mice, whereas the plasma IL-1β protein levels were significantly increased in DPH plus BSO-treated mice. As reviewed in Latz (2010) , Schroder and Tschopp (2010) , and Scaffidi et al., 2002) , the NALP3 inflammasome is activated by DAMPs that are released from injured cells. The NALP3 inflammasome generates mature IL-1β via proteolytic pathways. Recently, oxidative stress has been shown to play an important role in the activation of the NALP3 inflammasome (Bryant and Fitzgerald, 2009; Martinon et al., 2009; Zhou et al., 2010) . In this study, DPH and BSO together significantly increased an oxidative stress marker, the protein carbonyl, suggesting that DPH-generated oxidative stress may be involved in the activation of the NALP3 inflammasome (Fig. 2B) .
On the basis of our results, we speculate that the secretion of DAMPs from cells that are injured by reactive metabolites or ROS results in the activation of the NALP3 inflammasome and TLR4 signaling; these processes are factors in the early onset of liver injury because their mRNA levels were increased at relatively early time points. Additionally, we showed that HMGB1 and TLR4 are involved in DPH-induced liver injury (Figs. 4B and C) .
Although the mechanism of drug-induced liver injury is still unclear due to the lack of animal models, LPS (lipopolysaccharide)-treated rodent models showed high sensitivity to human hepatotoxic drugs, such as trovafloxacin (Shaw et al., 2009) . LPS can activate innate immune responses via TLR4, which might suggest that the susceptibility to innate immune responses is one of the risk factors of DPH-induced liver injury.
In an adaptive immune reaction, Th17 cells may be involved in some types of drug-induced liver injury Kobayashi et al., 2009) . IL-1β and IL-6 or IL-1β together with IL-23 induce Th17 cell differentiation (AcostaRodriguez et al., 2007) . IL-17, which is produced mainly by a specific subset of Th17 cells, stimulates the production of CXC chemokines such as MIP-2 and plays an important role in neutrophil activity (Langrish et al., 2005; Steinman, 2007) . IL-17 is involved in autoimmune responses and some immune-mediated drug-induced liver injuries in mice Kobayashi et al., 2009) . These findings prompted us to investigate the involvement of IL-17 in DPH-induced liver injury. The neutralization of IL-17 significantly inhibited the previously increased plasma ALT and AST levels, suggesting that IL-17 is involved in DPH-induced liver injury (Fig. 6B) .
A previous study showed that PGE 1 inhibited neutrophil superoxide production (Talpain et al., 1995) and had a protective effect against drug-induced liver injury in mice. For mice with halothane-and carbamazepine-induced liver injuries, PGE 1 inhibits the increased plasma ALT and IL-17 levels, as well as the expression levels of hepatic MIP-2, IL-6, and IL-23 p19, suggesting that PGE 1 has a protective effect on IL-17-mediated liver injury Kobayashi et al., 2009) . In this study, the elevation of plasma ALT and AST levels, hepatic MIP-2 mRNA expression levels, and the number of hepatic MPO-positive cells were significantly inhibited by PGE 1 (Figs. 7A-C) . As a result, we conclude that PGE 1 may be used for pharmacotherapy in DPH-induced liver injury.
In conclusion, in this study, we first established DPH-induced liver injury in mice. We demonstrated that DPH-induced liver injury is related to hepatic GSH levels, oxidative metabolism by Cyps, the innate immune response, and Th17 cell-mediated inflammation. These observations may aid in understanding the risk factors for and the mechanism of the idiosyncratic hepatotoxicity of DPH in humans.
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